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Introduction
In the last years, the rapid development of telecommunication and other data-transmitting services, demands to increase the transmission capacity of wavelength division multiplexing (WDM) systems. This requires broadband optical amplification beyond the conventional 1.5 µm window of Er-doped fiber amplifiers (EDFA) in order to fully utilize the 1.2-1.7 µm lowloss band of silica-based optical fibers. A logical extension of EDFAs would be the addition of other rare-earth ions such as Tm 3+ [1] [2] [3] . The 3 H 4 → 3 F 4 transition of Tm 3+ ions at around 1470 nm will allow a band extension in the spectral range corresponding to the S-band amplifier region, on the short wavelength side of the conventional erbium-doped fiber amplifier C+L bands at 1530-1600 nm.
In order to achieve both practical gain and wide gain flatness, the choice of the host glass matrix is very important. Among oxide glasses, tellurite glasses have attracted a considerable interest especially because of their special properties. These glasses have smaller phonon energies than other oxide glasses such as silicate, phosphate, and borate glasses [4, 5] . Moreover, they combine good mechanical stability, chemical durability, and high linear and nonlinear refractive indices, with a wide transmission window (typically 0.4-6 µm), which make them promising materials for photonic applications such as upconversion lasers, optical fiber amplifiers, non linear optical devices, and so on [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Broadband Er-doped fiber amplifiers have been achieved by using tellurite-based fibers as the erbium host [11, 12] and very recently, efficient laser emission around 2 µm has been demonstrated in a tellurite fiber [15] . However, one drawback of tellurite glasses is the low glass transition temperature (290 ºC) which makes them liable to thermal damage at high pumping intensities. On the other hand, the phonon energy is relatively low (700-800 cm -1 ) resulting in efficient upconversion fluorescence which can be a loss source for the 1.5 µm emission of Er 3+ ions. To overcome these drawbacks different compositions have been studied. Tellurite glasses containing WO 3 and PbO have the advantages of a higher glass transition temperature (380 ºC), higher phonon energies (≈925 cm ) [17] . The stronger covalent bonding of the WO 3 network increases the glass transition temperature and is responsible for the higher phonon energy of tungsten tellurite glasses as compared with tellurites. On the other hand, the addition of PbO increases the linear and nonlinear refractive indexes. The higher phonon energy of these glasses makes the non-radiative relaxation from 4 I 11/2 to 4 I 13/2 levels under 980 nm excitation more efficient and thus enhances the optical pumping efficiency for the 1.5 µm emission of Er 3+ ions. The high linear index increases the local field correction at the rare-earth site leading to large radiative transition probabilities. On the other hand, the presence of two glass formers, such as TeO 2 and WO 3 produces a more complex network structure with a great variety of sites for the RE ions which contributes to the inhomogeneous broadening of the emission bands. In this work, we characterize the spectroscopic properties of Tm 3+ -Er 3+ codoped tellurite TeO 2 -WO 3 -PbO glasses for different Tm 3+ and Er 3+ concentrations by using steady-state and time-resolved laser spectroscopy. The study includes absorption and emission spectroscopy and lifetime measurements for the infrared fluorescence. The broad emission obtained from 1350 to 1750 nm with a full width at half-maximum of ~ 160 nm suggests that these glasses could be promising materials for broadband light sources and broadband amplifiers for wavelength-division-multiplexing (WDM) transmission systems. The energy transfer between Tm 3+ and Er 3+ ions is evidenced by both the temporal behavior of the near-infrared luminescence and the effect of Tm 3+ codoping on the visible upconversion of Er 3+ ions in the codoped samples.
Experimental techniques
The glasses with mol% composition 50TeO 2 -30WO 3 -20PbO (TWP) were prepared by melting 10 g batches of high-purity TeO 2 (Sigma-Aldrich 99.995), WO 3 (Aldrich 99.995), and PbO (99.999 Aldrich) reagents in a platinum crucible placed in an electrical Thermostar TM furnace at variable temperatures between 710 and 740º C during 30-45 min. The melts were stirred with a platinum rod and then poured onto a preheated brass plate, annealed 15 min at 390-400º C, and further cooled at a 3º C/min rate down to room temperature. ) and 0.3 and 0.5 wt% of Tm 2 O 3 respectively. The optical measurements were carried out on polished planoparallel glass slabs of about 2 mm thickness.
Conventional absorption spectra were performed with a Cary 5 spectrophotometer. The steady-state emission measurements were made with a Ti-sapphire ring laser (0.4 cm -1 linewidth) in the 760-940 nm spectral range as exciting light. The fluorescence was analyzed with a 0.25 monochromator, and the signal was detected by an extended IR Hamamatsu R5509-72 photomultiplier and finally amplified by a standard lock-in technique. Upconversion emission was detected by a Hamamatsu R928 photomultiplier. Lifetime measurements were obtained by exciting the samples with a Ti-sapphire laser pumped by a pulsed frequency doubled Nd:YAG laser (9 ns pulse width), and detecting the emission with a Hamamatsu R5509-72 photomultiplier. Data were processed by a Tektronix oscilloscope. All measurements were performed at room temperature.
Results and discussion
The room temperature absorption spectra were obtained for all samples in the 300-2000 nm range with a Cary 5 spectrophotometer. As an example, Fig. 1 transition. This transition is not observed due to the upper limit of the detector at 1700 nm. The spectrum of the Er-doped glass corresponding to the 4 I 13/2 → 4 I 15/2 transition has the maximum at 1535 nm with a full width at half maximum (FWHM) of 80 nm. As can be seen in Fig. 2 Characteristic decays of the codoped samples were obtained under laser pulsed excitation at 794 nm at two different emission wavelengths for all codoped samples. The lifetimes for Tm 3+ were measured at 1450 nm, whereas for Er 3+ the emission was monitored at 1550 nm. Fig. 3 (b) together with the decay of the single doped sample. As can be seen, the Er 3+ fluorescence from the codoped samples shows a non-exponential behavior, and a shortening of the lifetime as Tm 3+ concentration increases as compared with the single doped sample. This behavior is attributed to the additional probability of relaxation by nonradiative energy transfer to Tm 3+ ions. . Fig 3(a) I 15/2 (550 nm), and 4 F 9/2 → 4 I 15/2 (665 nm). The 2 H 11/2 → 4 I 15/2 transition is only observed at room temperature because 2 H 11/2 is populated from 4 S 3/2 via a fast thermal equilibrium between both levels. As can be observed the green emission reduces the intensity as Tm 3+ concentration increases. The weak red emission from the 4 F 9/2 level is due to the population of this level from the 4 S 3/2 through multiphonon relaxation. As can be seen in the inset of Fig. 5 , there is a slight increase in the red emission intensity with increasing Tm 3+ concentration. The addition of Tm 3+ into the Er 3+ -doped glass affects the green and red emission intensities, which indicates the presence of efficient energy transfer between both ions. process is +800 cm -1 , and thus this energy transfer process is likely to occur at room temperature. 
Conclusions
The near-infrared emission of Tm 3+ 
